A complex brain consists of multiple intricate neural networks assembled from distinct sets of input and output neurons as well as region-specific local interneurons. Within a given anatomical set, there exist diverse neuronal types that can vary in morphology, neural physiology, and modes of neurotransmission. The genetic programs that guide specification of neuronal types during neurogenesis preconfigure the brain. This is best demonstrated in the Drosophila central brain, which is composed of 100 pairs of individually tailored neuronal lineages. Each neuronal lineage (the neurons/glia produced from a single stem cell) can contain multiple morphological classes of neurons that can consist of many analogous neuronal types. The detailed patterns of neuronal diversification are lineage-specific and can differ drastically even among neighboring neuronal lineages. Furthermore, the interrelationships between neuronal lineages and neural networks are complex. These phenomena underscore the importance of tracking all neuronal lineages in understanding brain development and evolution.
Introduction
To fully understand a complex problem, one must break it down into its principle components. In the case of unraveling brain circuits, the functional units are individual or groups of neurons that perform a specific role. There is tremendous effort to elucidate brain-wiring diagrams/connectomics [1] , but here we highlight the developmental and genetic specifications of different neuronal types. Together these data should provide deep understanding of brain anatomy and development, essential for deciphering brain function, plasticity, and evolution.
Both mammalian and fly brains develop from neural stem cells that originate in the neuroepithelium [2] . Moreover, a growing body of evidence in mouse and fly indicates that distinct neurons are initially fated based on differential cues inherited from neural precursors [3] . The genetic underpinnings of neuronal diversification have been meticulously studied in Drosophila [4] . Further, versatile transgenic tools allow for systematic mapping of neuronal types and their developmental origins in the relatively small fly brain [5] [6] [7] . Consequently, this review centers on insights we have gained from reconstructing the development of the Drosophila adult central brain through cell lineage analysis.
Basic neurogenic programs are conserved and involve a stem cell mode of asymmetric cell division. This allows neural progenitor (in fly, neuroblast) renewal and simultaneous production of an intermediate precursor [8] . Cycling progenitors express age-dependent factors and thus provide the serially derived intermediate precursors with temporal factors based on their birth order [9] . In fly, the intermediate precursor, called ganglion mother cell, divides into two daughter cells that typically acquire distinct cell fates due to differential inheritance of Numb and the resultant Notch-dependent, binary sister fates [10] . Layering together the action of temporal factors with binary sister fate specification diversifies the pairs of sister neurons/glia serially made by a common progenitor, to establish a basic neuronal lineage.
Various strategies permit expansion of neurons and neuronal types for building a sizable brain. In mammals, neural stem cells expand extensively prior to the onset of neurogenesis. By contrast, the Drosophila central brain develops from a limited number of 100 neuroblasts per hemisphere, which delaminate from the procephalic neuroectoderm in a stereotyped pattern. Each neuroblast exhibits a unique lineage identity, acquired largely through spatial patterning and characterized by lineagespecific transcription factors [11, 12] . The fly brain neuronal lineages further extend in length and undergo finer temporal patterning to yield more neurons of diverse types from a single progenitor [13, 14] . The numerous mouse cortical progenitors, by contrast, make shorter lineages of neurons/glia [15] . Another strategy of neuronal expansion observed in both mammals and fly involves a more complex pattern of neurogenesis, which creates new axes of cell cycling and fate diversification within a neuronal lineage [16] [17] [18] [19] . In such lineages, neural progenitors deposit transient amplifying precursors, called intermediate neural progenitors (INPs) that, like the progenitor, undergo self-renewing divisions and can each produce a series of post-mitotic neurons [20] . The progenies made by the INP-containing Drosophila neuronal lineages are extremely diverse yet stereotyped, consistent with cell fate diversification via patterned expression of temporal factors along both neuroblast and INP axes of self-renewing cell divisions [21] .
A number of questions arise to posit how complex brains formed during evolution. Assuming each of the many neuronal lineages possesses a unique developmental program dictating fates of individual post-mitotic cells, how then did the original set of complete neuronal lineages arise? Are there prototypic neuronal lineages with generic neuron type compositions which can be readily adopted and modified for engineering variant neural networks? Once optimized for a complex brain, how could many independent developmental units evolve with concerted changes to make a different, supposedly fitter, brain?
The Drosophila central brain is an ideal model system to tackle questions of lineage specification, temporal regulation and evolution. The 100 brain neuroblasts each make a stereotyped neuronal lineage, which can be mapped by twin-spot MARCM (a mitotic recombination-based lineage tracing system) to reveal individual neurons serially arising from a common progenitor [5] . One can further map the interrelationship between a given neuron class and specific neuronal lineages by CLIn (cell Class-Lineage Intersection), a system built upon a genetic intersection strategy [7] . Comparison of related neuronal lineages within and across various neural networks in the Drosophila central brain should provide insight into the principles that govern brain development and evolution via preprogrammed neuronal lineages. In support of that perspective, I elaborate below on, firstly, the neurogenic patterns of the Drosophila central brain, secondly, the progeny phenotypes of diverse neuronal lineages and, thirdly, the coalition of neuronal lineages into specific neural networks.
Neurogenic Patterns of the Drosophila Central Brain
In early fly embryos, individual neuroblasts can be identified based on relative positions and differential expression of various early patterning genes [22] . Neuroblasts reside on the brain surface and deposit neurons inward. Given the absence of active migration (in contrast to mammalian brains), neurons produced from a common progenitor stay clustered throughout development. The cluster of neurons made by a single neuroblast is referred to as a neuroblast clone or a neuronal lineage.
With the exception of five neuroblasts per hemisphere, the central brain neuroblasts undergo two rounds of neurogenesis separated by a quiescent phase at the embryo-to-larva transition [23] . For a majority of neuroblasts, post-embryonic neurogenesis lasts until shortly after pupal formation. Neurons made during the embryonic neurogenic period form the larval functional neural networks. Later, from the same set of neuroblasts, over 10-fold more neurons are added into the rapidly growing larval brain. The five neuroblasts that do not go into quiescence include four neuroblasts that make intrinsic neurons for the insect learning and memory center, the mushroom body, and one neuroblast that produces neurons mainly for the primary olfactory center, the antennal lobe (AL) [24, 25] . Additionally, the four mushroom body neuroblasts divide continuously until late pupal stage. Postembryonic-born neurons show rather rudimentary morphology at the larval stage, with the exception of mushroom body neurons which quickly achieve full neurite extension [26] . Upon pupation, larval functional neurons that will persist into adulthood remodel as postembryonic-born neurons resume morphogenesis [27] . Together, they coalesce to form the adult neural networks, likely following the gross architecture of the embryonic-built larval brain.
Canonical insect neuroblasts, called type I neuroblasts, yield two post-mitotic neurons following each neuroblast asymmetric cell division. One neuronal lineage can therefore be viewed as two hemilineages: one containing a series of neurons with Notch-high cell fates and the other containing a series of neurons with Notch-low cell fates [28, 29] . In many cases, one (or sometimes both) of the paired sister cells disappears prematurely due to apoptosis. Inferring from the neuron counts of mature neuroblast clones, type I neuroblasts are capable of undergoing around 80 self-renewing cell cycles during the four-day period of postembryonic neurogenesis. However, a majority of type I neuroblast clones contain fewer than 80 viable neurons [30] . This may be due to apoptosis of an entire hemilineage and/or fewer neuroblast cell cycles.
Eight additional neuroblasts, called type II neuroblasts, undergo two series of asymmetric division to produce complex neuronal lineages in the Drosophila central brain [17] [18] [19] . Six of them reside on the dorsal medial area of the posterior brain surface; they are named DM1-6. The other two, named DL1 and DL2, inhabit the dorsal lateral region. A single type II neuroblast can yield an extended series of INPs. Each INP can generate several ganglion mother cells, resulting in multiple sister neuron pairs. Some INPs also produce glial cells [31] . Extensive apoptosis also occurs in type II neuronal lineages [32] . Nonetheless, most type II neuroblast clones contain many more neurons and show more complex neurite trajectories than typical type I neuroblast clones [30] . Despite the complexities, they still exhibit lineage-characteristic stereotyped morphologies indicating production of specific progenies by individual type II neuroblasts [20] .
Progeny Phenotypes of Diverse Neuronal Lineages
Neurons acquire specific morphology based on their developmental origin. This is shown most clearly by lineage mapping of serially produced neurons from multiple neuroblast lineages. Such efforts have revealed three principles governing cell lineage-dependent neuronal morphogenesis. First, the patterns of primary neurite trajectories are determined by the lineage origin (i.e. neuroblast identity). Second, a neuroblast clone often contains two sets of primary neurite tracts corresponding to the two hemilineages specified by Notch-dependent, binary sister fate decision. Third, a given hemilineage consists of an invariant sequence of morphologically distinct neurons that differ mainly in terminal neurite projections reflecting birth order-dependent cell fates (referred to as temporal fates). Despite sharing general rules, neuronal lineages can vary drastically in the complexity of neuronal phenotypes primarily due to diverse patterns of neuronal diversification and differential apoptosis (Figure 1 ). The following considers the best studied lineages.
The four mushroom body neuronal lineages are exceptionally long, but simple. Each of the four lineages begins with a short series of non-mushroom-body neurons that is lineage specific [33] , followed by a long series of mushroom body intrinsic neurons (Kenyon cells) that are common among the four lineages [26, 34] . Kenyon cell production extends continuously from midembryonic to late-pupal stage and shows minimal apoptosis. In addition, each ganglion mother cell consistently produces two indistinguishable Kenyon cells (MB in Figure 1 ), indicating no involvement of Notch-dependent, binary sister fate decision in the mushroom body lineages. Furthermore, mushroom body neuroblasts undergo rapid cell cycles but few temporal fate changes, resulting in the production of 600 Kenyon cells of only seven types from each neuroblast [35] . Interestingly, the mushroom body temporal fate changes occur at specific developmental stages and independent of cell cycle count [36] . This permits great developmental plasticity in Kenyon cell numbers, thus equipping individual flies with mushroom bodies tailored to cope with various environments.
The major input to the mushroom body calyx (dendrites of Kenyon cells) is the AL projection neurons, which relay olfactory information from one or multiple AL glomeruli to higher brain centers. 39 types of AL projection neurons, including 34 monoglomerular types and five polyglomerular types, arise from the anterodorsal AL (adAL) lineage (Figure 2A ) [37] . These distinct projection neuron types are made in an invariant, but rather arbitrary, sequence. They are produced exclusively from the Notch-low hemilineage, as the other hemilineage is destined for programmed cell death (adAL in Figure 1) . Judging from the viable projection neuron hemilineage, the adAL neuroblast undergoes rapid temporal fate changes. The adAL neuroblast yields 17 neuron types from 20 cell cycles during embryogenesis and then generates 22 types from 70 post-embryonic cell cycles. This rapidly changing neuronal lineage shows a tight coupling of temporal fate progression with neuroblast cycling [36] , which helps maintain proper cell numbers of specific neuron types in a wide range of growth conditions. 12 additional types of AL monoglomerular projection neurons are derived after larval hatching from the lateral AL (lAL) lineage ( Figure 2B ) [38] . Unlike the lone adAL hemilineage, the lAL lineage consists of two viable hemilineages [39] . The Notch-low hemilineage produces projection neurons while the Notch-high hemilineage produces local interneurons. The 100 projection neurons produced consist of both AL projection neurons and other projection neuron classes. The other hemilineage ends slightly earlier after producing 80 AL local interneurons, as the sister cells of projection neurons from the last 20 ganglion mother cell divisions die prematurely. Based on single-neuron morphology, the projection neuron hemilineage exhibits a much higher cellular diversity than its paired local interneuron hemilineage (lAL in Figure 1 ). Many temporal fate changes occur unilaterally, only in the projection neuron hemilineage. The 48 identifiable projection neuron types can be grouped into five Figure 2C-I) . Notably, the different neuron classes are born in a mixed sequence (rather than one class after another), resulting in separation of analogous neuron types into discrete windows (lAL in Figure 1 ). By contrast, four morphological classes of local interneurons are discernible and born in a more logical sequence, with a progressive restriction in the AL neurite elaborations. Interestingly, differential Notch activities govern the hemilineage-specific temporal fate patterning as well as the projection neuron vs. local interneuron fate. Notch is further required in the Notch-low, projection neuron hemilineage to discriminate auditory from olfactory projection neurons, the detailed mechanisms of which remain unclear. These phenomena underscore the ability of Notch to transform neuronal phenotypes and thus derive distinct neuronal series from common or related precursors.
Similar mechanisms involving lineage identity, precursor temporal fate, and sister neuron fate diversification determine neuronal phenotypes of type II lineages (e.g. DM1 in Figure 1) . Limited single-cell analysis reveals temporal fate patterning along both neuroblast cycling and INP self-renewing divisions [20] . The offspring of an INP can be highly diverse. For example, in the partially mapped DM1 and DM6 lineages, a single INP yields a short series of 5 unique ganglion mother cells that make specific pairs of distinct sister neurons. By contrast, sequentially born INPs produce a similar collection of diverse neurons. Neurons of the same class are often made by the ganglion mother cell of the same birth order across sibling INP sublineages. These phenomena argue for specification of diverse neuronal classes primarily within each INP sublineage due to the temporal fates of the ganglion mother cells and the binary fates of the sister neurons. The temporal fate changes across sibling INPs permit further neuronal diversification to derive multiple neuronal types within a given neuron class or even additional neuron classes. The complex type II lineages can therefore each produce many neuronal classes as opposed to only a few morphological classes correlating with hemilineage identity in most type I lineages.
The cell lineage-guided neuronal fates shape not only morphology but likely also the physiology of neurons. Controls over different batteries of genes governing neurotransmitter usage and neural electrophysiology are particularly critical for proper function of neural networks [40] . Ultimately, transcriptome analysis of neuronal types and their precursors is required to elucidate how cell lineages dictate neuronal physiological phenotypes. While this strategy is feasible, it would demand a huge effort. In the interim, one can examine the fating of neuronal physiological classes by cell lineages via CLIn (cell ClassLineage Intersection) to map cells of a particular functional class to specific neuronal lineages [7] . Mapping dopaminergic neurons among the eight type II neuroblast lineages has revealed that a very small number of specific neurons in six type II lineages adopt the dopaminergic neuronal fate. The dopaminergic neurons of a given lineage arise sequentially and consistently from early-born INPs [7] . So lineage identity is critical but not sufficient for conferring the dopaminergic neuronal fate. Like morphology, basic neural physiology is pre-determined by an integrated cell fate acquired during neurogenesis based on lineage identity, precursor birth order, and binary sister fates.
Coalition of Neuronal Lineages into Neural Networks
Mapping the gross morphology for all 100 or so neuroblast clones present in the adult fly brain reveals the lineage origins of some specific neural networks [30] . The interrelationships between neuronal lineages and neural networks are complex, as one neuronal lineage can participate in multiple neural networks. The degrees of participation can vary drastically, and the interacting neuronal lineages could be otherwise unrelated and appear arbitrarily selected. Nonetheless, the information-relay centers (e.g. the AL) generally show simpler lineage origins than the multimodality information-integration centers (e.g. the central complex).
The AL primarily relays olfactory information from the peripheral olfactory sensory organs to the mushroom body calyx and lateral horn. It shows relatively simple lineage origins. All the five major AL neuronal lineages reside around the AL, and three of the five AL lineages exclusively make AL neurons [30] . The main exception is the lAL lineage that consists of one AL-only local interneuron hemilineage and one multi-neuropil projection neuron hemilineage [39] . The hemilineage segregation of projection neurons from local interneurons extends to other AL lineages. In fact, the other four AL lineages uniformly exist as a lone hemilineage and respectively form three AL projection neuron hemilineages and one AL local interneuron hemilineage. The three unpaired AL projection neuron hemilineages further exhibit distinct neurite trajectories characteristic of each projection neuron hemilineage. Notably, the highly heterogeneous lAL projection neuron hemilineage supplements the adAL hemilineage in making all monoglomerular projection neurons. Excluding the diverse lAL projection neuron hemilineage, there exists an unusual one-to-one correspondence between morphological classes of neurons and hemilineage identities in those neuronal lineages with AL elaborations.
As to the mushroom body connectome, distinct lineages underlie the input into the mushroom body calyx (Kenyon cell dendrites) versus the modulation and output of the lobes (Kenyon cell axons). The olfactory input to the calyx depends on the monoglomerular AL projection neurons that arise from just two (adAL and lAL) neuronal lineages (Figure 2A-C) [38] . By contrast, the neural wiring in the mushroom body lobes involves multiple clusters of dopaminergic neurons and various small groups of mushroom body output neurons [35] . Judging from cluster size and location of the diverse sets of mushroom body lobe-extrinsic neurons, most, if not all, of the clusters arise from heterogeneous neuronal lineages that produce many additional neurons in addition to the mushroom body lobe-targeting neurons. Further, some mushroom body output neurons reside in distant loci and extend long neurites to synapse with axons of Kenyon cells before reaching their downstream neurons. These observations suggest the involvement of both local and distant neuronal lineages (most of which could yield highly heterogeneous progeny) in the construction of fly learning/memory neural networks.
More complex and diverse neuronal lineages are employed to wire the central complex and its accessory neuropils. This region forms the insect locomotor control center that integrates various modalities of sensory information with the organism's internal state and past experience. It involves neurons originating from eight type I lineages as well as seven type II lineages [41] . The diverse types of small-field central complex neurons, which interconnect various substructures in intricate arrayed patterns, arise from the DM1 through DM4 type II lineages, each of which produces a different isomorphic set of all central complex intrinsic neuronal types. These lineages also produce many more lineage-specific non-central-complex neurons. Three of the other four type II lineages, plus eight type I lineages generate diverse large-field central complex neurons that mediate lineage-characteristic inputs from various brain regions to specific central complex subdomains. Except the relatively small EBa1, SIPp1, and PBp1 lineages with central-complex-dominant elaborations, the central-complex-related neuronal lineages produce diverse classes of neurons and show complex morphology. Some sizable neuroblast clones contain just a few central complex neurons. The postembryonic SMPad2 lineage is a particularly extreme example, in that it yields only one viable central complex neuron at the beginning of larval neurogenesis. Such complex, diffuse organizations may reflect the extensive interneuropil networking in the deep insect brain.
Conclusions
The 100 neuronal lineages of the Drosophila central brain are individually shaped in all possible aspects. The dynamics of neuroblast cycling, the identity and proliferation of neural precursors, the patterns of neuronal diversification, and the commitment to apoptosis are all lineage specific. The individual neuroblasts produce intricate lineage-specific neuronal phenotypes, which collectively form diverse neural networks. Our comprehensive lineage analysis has revealed the versatility of neuronal lineages and laid the foundation for elucidating how a generic neuronal lineage can be extensively modified to derive diverse neuronal lineages. Moreover, the interrelationships between neuronal lineages and neural networks are complex. Unraveling these connections requires systematic studies on the gene regulatory networks, from those that determine cell fate to those that control specific neuronal phenotype. Examining the preprogrammed neuronal lineages offers an exceptional opportunity for understanding how the genome can encode a complex brain and even how evolution might work to build a different brain.
